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Plants have to cope with constantly changing conditions
and need to respond to environmental stresses and
seasonal changes in temperature and photoperiod. Align-
ment of their development with particular seasons
requires memory mechanisms and an ability to integrate
noisy temperature signals over long time scales. An
increasingly well understood example of how seasonal
changes influence development is vernalization, the
acceleration of flowering by prolonged cold. Vernalization
has been dissected in Arabidopsis thaliana and shown
to involve a Polycomb-based epigenetic memory system.
This minireview summarizes our current understanding
of this mechanism and its modulation through adaptation.
A key concept that has emerged is that cell-autonomous
switching between epigenetic states can provide the
basis for quantitative accumulation of environmental
memory.Introduction
Plants use seasonal cues to time developmental transitions,
such as germination, flowering and embryogenesis/bud
development. Our understanding of how environmental sig-
nals regulate developmental transitions is most advanced
for the timing of flowering. This transition is strongly influ-
enced by photoperiod and temperature and its study is
providing concepts that are likely to be generally relevant
to other developmental transitions. The acceleration of
flowering by weeks to months of prolonged cold tempera-
tures is a process called vernalization and it aligns flowering
with spring conditions. In Arabidopsis thaliana, vernalization
leads to stable silencing of FLOWERING LOCUS C (FLC;
Figure 1), a gene encoding a MADS domain protein that
represses flowering [1,2]. The characteristics of vernaliza-
tion, common in many plant species, have been well char-
acterized over many years. The memory of cold exposure
is mitotically stable through the rest of the development
(often for many months), and even through vegetative
regeneration of the plant [3]. Vernalization is quantitative
with the degree of silencing reflecting the length of cold
treatment [4] and relatively slow — weeks or months of
cold are required to saturate the vernalization requirement.
There is extensive natural variation for both the requirement
and response to vernalization and this has played a major
role in adaptation of many species over a wide latitudinal
range [5,6]. Lastly, the vernalization requirement is reset
through reactivation of FLC expression before the end of
seed development to ensure every generation requires
vernalization [7,8].
These characteristics raise the interesting issue of what
mechanisms determine whether plants need prolonged
cold to flower, how plants quantitatively record exposure
to weeks and months of winter temperatures, and how this
memory is stored. Here, we review our current understand-
ing of the vernalization mechanism and how it has been
modulated in adaptation.John Innes Centre, Norwich Research Park, Norwich NR4 7UH, UK.
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There are three distinct regulatory phases involved in
vernalization in A. thaliana (Figure 1): the establishment
of a vernalization requirement through activation of FLC;
dynamic reprogramming of FLC chromatin during winter;
epigenetic maintenance of the FLC silenced state through
the rest of development. We will discuss each of these in
turn.
Establishment of a Vernalization Requirement through
Activation of FLC
There are several pathways that establish the active state of
FLC. These determine the life history strategy of the plant:
high FLC leads to a need for vernalization and the plant over-
winters before flowering; low FLC leads to a rapid-cycling
habit and potentially multiple generations a year. The level
of expression of FLC is set very early in development — in
the early multicellular embryo for maternally-derived FLC,
and in the sporogenous pollen mother cells or single-celled
zygote for the paternal copy [7,8]. The activators that set
the initial level of FLC expression include many conserved
chromatin modifiers influencing histone H3 lysine 4 and
lysine 36 — the conserved RNA polymerase-associated fac-
tor 1 complex (Paf1C) and H3K4 methyltransferases (re-
viewed in [9]). Their function at FLC is enhanced by
FRIGIDA (FRI) [10], a novel protein with coiled-coil domains
that directly interacts with the nuclear cap-binding complex
[11–13]. FRI has been shown to act as a scaffold aiding
recruitment of the conserved chromatin modifiers to the pro-
moter of FLC [10].
Acting antagonistically to these activators is the autono-
mous pathway. This is composed of a series of activities
linking RNA processing with the H3K4 demethylase FLD
[14,15] and Polycomb regulators [16]. These activities
reduce methylation of histone H3 lysine 4 and 36 and
increase methylation of H3 lysine 27. The RNA processing
activities of the autonomous pathway target a series of
antisense transcripts that initiate from the FLC locus
immediately downstream of the sense transcript major
poly (A) site [17]. Very recent work suggests that alternative
splicing and polyadenylation of these antisense transcripts,
linked to recruitment of distinct chromatin modifiers that
influence transcriptional elongation, lead to opposing feed-
back loops that quantitatively modulate FLC expression
(Marquardt, Raitskin, Wu, Sun and Dean, unpublished).
Regulation of FLC antisense transcription is complex,
and involves RNAi components [18] and an RNA–DNA
heteroduplex, called an R-loop, which limits antisense
transcription [19].
The promoter region of these antisense transcripts is also
involved in formation of a gene loop at FLC [20]. Gene loops
have been associated with transcriptional memory and
influence the dynamics of expression changes [21,22]. Use
of chromatin conformation capture (3C) revealed a robust
physical interaction between the 5’ and 3’ flanking regions
of FLC [20]. The balance of activities of the various pathways
sets the expression level of FLC and determines the level
of vernalization requirement. However, this control of the
balance of these activities seems to be independent of the
gene loop as the physical interaction of the 5’ and 3’ regions
at FLC was unaffected by mutations disrupting various
components of the different pathways [20].
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Figure 1. Vernalization, the acceleration of
flowering by prolonged cold.
The target of vernalization is FLOWERING
LOCUS C (FLC), a floral repressor. Prolonged
cold progressively downregulates FLC
expression, and this repression remains sta-
ble when plants return to warm temperatures.
Prior to cold, the 50 and 30 flanking regions of
FLC interact, creating a gene loop. Transcrip-
tion occurs on both strands. Solid arrows indi-
cate sense transcripts and dashed arrows
indicate antisense transcripts. Antisense tran-
scripts are non-coding. Thickness of arrows
reflects levels of transcripts. During cold
exposure, the loop breaks, and the vernaliza-
tion-specific PHD–PRC2 and the accumula-
tion of H3K27me3 occur on FLC chromatin at
the nucleation region (marked on the FLC
locus by a red bar). Grey barrels indicate the
histone octamer in a nucleosome; dark grey
spirals and curves are DNA. Small green/or-
ange ovals correspond to histone modifica-
tion. Orange shape represents PHD–PRC2,
as marked on the figure. Green shapes repre-
sent pathways that establish the active state
of FLC. This drawing is not to scale.
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Once the plant experiences cold temperature, a series of
cold-induced steps progressively converts FLC from an
active to a silenced state. One of the earliest of these is a
rapid reduction in transcription of FLC — as early as two
weeks after transfer to cold. Concomitant with this reduction
in transcription, there is disruption of the FLC gene loop [20]
and upregulation of FLC antisense transcript expression
[17]. These transcripts, called COOLAIR because of their
cold induction, lead to cold-induced reduction in expression
when associated with a GFP sensor construct [17]. The role
of these transcripts in downregulation of the endogenous
FLC expression is currently being investigated (Csorba,
Sun and Dean, unpublished). However, they do not appear
to be absolutely necessary for vernalization [23]. A second
cold-induced non-coding transcript, COLDAIR, is expressed
from a cryptic promoter in intron 1 after three weeks of cold
exposure [24]. COLDAIR interacts with, and is proposed to
target, the histone methyltransferase subunit of the Poly-
comb repressive complex 2 (PRC2) [24].
Continued exposure to cold leads to gradual accumu-
lation of the characteristic Polycomb-mediated histone
modification, H3K27me3, at a specific site in FLC. The
core Polycomb components, including VERNALIZATION2
(VRN2), are enriched over the whole of the FLC locus
before cold [25]. However, in FRIGIDA-containing plants
this pre-cold form of PRC2 maintains only a limited level
of the H3K27me3 at FLC, insufficient to counteract the
activation of FLC by FRI and the Trithorax complexes.
A cold-induced alternative form of PRC2 accumulates
at a specific region in FLC, which we have termed the
nucleation region, covering the first exon and beginning
of the first intron. This causes accumulation of H3K27me3
at this nucleation region [26,27], with the amount of
H3K27me3 deposited locally reflecting the length of the
cold exposure. Cold induces interaction between PRC2and PHD-containing proteins, the constitutively expressed
VERNALIZATION5 (VRN5/VIL1) [28,29] and VEL1 [30], and
the cold-induced VERNALIZATION INSENSITIVE 3 (VIN3)
[31]. This plant PHD–PRC2 appears to have functional par-
allels with Pcl–PRC2 in Drosophila [32] and PHF1–PRC2
in mammals [33]. The quantitative increase in H3K27me3
in the nucleation region is the important determinant
affecting the probability that the locus switches epigenetic
state — manifested after the plants are returned to warm
conditions.
Epigenetic Maintenance of the FLC Silenced State
Within three days of being returned to warm conditions
the PHD–PRC2 spreads across the whole FLC locus [25].
This spreading is accompanied by a substantial increase in
H3K27me3, proportional to the length of the cold exposure
and is required for mitotically stable silencing throughout
the rest of development [25–27]. It is interesting that both
spreading of the PHD–PRC2 and H3K27me3 mark occur
only after plants are returned to the warm [27]. One explana-
tion of this is a requirement for DNA replication [26], con-
sistent with a requirement for DNA polymerase epsilon for
epigenetic silencing [34]. However, cell division slows, but
does not stop, during cold [5].
In A. thaliana, LIKE HETEROCHROMATIN PROTEIN1
(LHP1), a protein with overall sequence homology to the
metazoan and Schizosaccharomyces pombe HETERO-
CHROMATIN PROTEIN1 (HP1) [35,36], binds H3K27me3
through its chromodomain [35,37] and colocalizes with
H3K27me3 genomewide [38]. LHP1 is required to maintain
FLC silencing [35,36] and so may in some respects function
analogously to PRC1.
Other factors required for the stable silencing of FLC have
been identified; however, their function has yet to be fully
integrated into the Polycomb-based silencing mechanism.
The list of factors includes VERNALIZATION1 (VRN1), which
encodes a protein with two plant-specific B3 domains [39]. It
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Figure 2. The epigenetic mechanism underly-
ing vernalization.
When FLC is actively expressed the chro-
matin modifications (green ovals) are those
commonly associated with active transcrip-
tion (green shapes representing pathways
that establish the active state of FLC). After
vernalization, on return towarm temperatures,
the locus is covered by the PHD–PRC2, which
increases H3K27me3 levels (orange shapes
and ovals, respectively). FLC silencing is
maintained by positive feedback of PHD–
PRC2 and H3K27me3. At the single cell level
this is an ‘‘On/Off’’ switch of FLC expression
(FLC:FLC-GUS images adapted from Angel
et al. [27]). At the cell population level the
quantitative response of vernalization is the
result of a cell population average. The
number of FLC-silenced cells (shown in grey)
increases with longer periods of cold. This
results in a progressive acceleration of flower-
ing in plants until the vernalization require-
ment is saturated.
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and intriguingly, given the mitotic sta-
bility of vernalization, remains associ-
ated during mitosis [36].
Quantitative Basis of Memory of
Cold Exposure
A distinctive feature of vernalization as
compared to other Polycomb silencing
mechanisms is its quantitative nature. If
plants experience, for example, only
two weeks of cold, flowering is later than plants given four
weeks cold. The acceleration in flowering is proportional to
the length of the cold treatment. The basis of this has been
elucidated using a combination of modelling and high-reso-
lution ChIP analysis [27]. The approach was based on previ-
ous theoretical modelling of the switching of epigenetic
states at the S. pombe mating-type locus [40]. This model-
ling proposed that the chromatin at FLC is highly dynamic
and not static as exemplified by ‘silent’ state representations
in textbooks. Bistable epigenetic states are associated with
specific protein complexes and histone modifications and
these reinforce themselves through a two-step positive feed-
back (Figure 2). Complexes read and write the same modifi-
cation — an assumption supported by studies of the human
PRC2 — the EED protein specifically binds to H3K27me3,
while another subunit, EZH2, trimethylates H3K27 [41]. Co-
operativity is inherent in the system through the two-step
conversion of one modified state to another through an
unmodified nucleosome.
Numerical simulation of vernalization shows that such a
memory system can withstand DNA replication and noisy
nucleosome turnover (on an hourly basis as measured in
Drosophila [42]), so long as sufficient numbers of chromatin-
modifying complexes and histone modifications are present
to buffer the fluctuations. FLCwould be in the predominantly
active state before cold. Cold would then cause a cell-auton-
omous switching to the ‘off’ state through the localised
nucleation of the PHD–PRC2 and H3K27me3 (Figure 2).
Using a GUS reporter gene inserted in FLC, Angel et al. [27]demonstrated this ‘digital’ memory experimentally. After
longer cold treatment, an increasing number of cells are
switched off, and thus the overall FLC level in a plant is grad-
ually turned down. The quantitative nature of vernalization
after different lengths of cold exposure is thus achieved
through a cell population average. This digital memory is
translated into a quantitative response in acceleration of
flowering at least partially though FLC directly regulating
expression of FLOWERING LOCUS T, which encodes a
mobile protein that moves through the plant [43].
Evolutionary Variation in the Memory Mechanism
Modulation of the vernalization process has played a signif-
icant role in plant adaptation and recent analysis points to
different aspects of the memory mechanism contributing to
this variation. A. thaliana accessions are found growing
over a wide latitudinal range, from close to the Arctic Circle
to almost the equator. This adaptation is associated with
variation in life history strategy— there is variation in require-
ment for vernalization, some accessions overwinter before
flowering, whereas others have a rapid-cycling habit. FRIG-
IDA is a major determinant of this natural variation with inde-
pendent deletions in the gene leading to low FLC expression
and a rapid-cycling habit in many accessions [12,44]. At the
molecular level, loss of FRIGIDA reduces deposition of the
active state with associated histone modifications,
H3K4me3 and H3K36me3. In addition to variation in vernali-
zation requirement, there is also variation for the length of
cold required. Fitting with the longer winters in northern
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Figure 3. Seasonal pattern of FLC expression
in perennial A. halleri.
FLC expression was found to decrease grad-
ually following the long-term reduction in tem-
perature. Cumulative temperatures (below a
threshold) over the previous six-week period
best explained the reduction in FLC expres-
sion indicating amemory of past temperature.
Figure adapted from [49].
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gions near the Arctic Circle require longer cold exposure
(10 weeks rather than 4) compared to many accessions
adapted to southern latitudes [5]. Insufficient cold in the
northern types leads to FLC reactivation after plants are re-
turned to warm conditions. This variation maps to the FLC
locus itself with cis elements in non-coding sequence of
FLC determining the rate of accumulation of the epigenetic
memory [5]. A detailed analysis of one accession fromNorth-
ern Sweden showed the variation could be mapped to just
four single-nucleotide polymorphisms (SNPs) mapping
within or close to the PHD–PRC2 nucleation region [45].
How these SNPs influence accumulation of the memory of
cold exposure is still to be fully elucidated, but it is likely to
involve altered dynamics of PHD–PRC2 association within
the nucleation region.
Differences in thememorymechanism also distinguish be-
tween vernalization-requiring/responsive annual and peren-
nial plants. Annual species flower once in their life cycle,
whereas perennials flower repeatedly before dying. In peren-
nials, only a subset of meristems switch to reproductive
development at any one time and this appears to be
achieved through a combination of a requirement for specific
environmental conditions, together with variation in meri-
stem reproductive competence (reviewed in [46]). Within
the Brassicaceae, for the alpine species Arabis alpina, a
relative of A. thaliana, the FLC homologue, PERPETUAL
FLOWERING 1 (PEP1) is needed for perennial flowering
[47]. As in A. thaliana, PEP1 expression decreases during
the cold in all meristems and in reproductive-competent
meristems this is sufficient to induce downstream floral acti-
vators. However, unlike A. thaliana, there is either no or only
transient epigenetic memory of the prolonged cold. On re-
turn to the warm PEP1 expression reactivates in all meri-
stems, preventing flowering in those meristems not yet
expressing floral activators. Satake and Iwasa [48] have sug-
gested that rate of chromatin complex and histone modifica-
tion deposition may account for the variation in whether
epigenetic switching occurs.
Both annual and perennial members of the Arabidopsis
genus require an ability to integrate temperature over long
time-scales in order to register that they have spent a pro-
longed period in the cold. This has been investigated in nat-
ural populations of the perennial Arabidopsis halleri [49].
Expression of flowering time genes was measured every
week in plants growing in natural field conditions over a
two-year period. FLC expression was found to decrease
gradually as thewinter progressed and the authorsmodelled
this decline with respect to the fluctuating temperature
regime the plants had been exposed to. FLC expression
was best explained by the temperature regime over the pre-
vious six-week period, when analysed with respect to thecumulative sum of temperatures lower than a threshold
over 10.5oC [49] (Figure 3). The model explained as much
as 83% of the variation in the FLC expression level. How
themechanism enablingmemory of past temperature fluctu-
ations relates to the mechanism underlying vernalization is
yet to be fully established. Similar time-series analyses in
different genotypes of A. thaliana would be very valuable in
this regard.
Generic Concepts
Principles emerging from the analysis of vernalization in
A. thaliana are likely to have implications for memory pro-
cesses generally. Opposing chromatin states with
reinforcing feedback loops provide a ‘poised to respond’ sit-
uationwhere expression can be increased, decreased or fully
silenced, depending on changing inputs. A light dimmer
switch provides a good analogy for this mechanism — the
light can be quantitatively increased or decreased by turning
thedimmerbutatoneextreme it canalsobe fully switchedoff.
Similarmechanismsmaybemodulatingexpressionof regula-
tors influencing timing of other plant developmental transi-
tions. Once the major regulators are identified it should be
straightforward to analyse the parallels with FLC regulation.
A concept that has emerged from the analysis of vernaliza-
tion that has even broader significance is how epigenetic
memory can accumulate quantitatively — cell-autonomous
switching between bistable epigenetic states leads to a
changing population average. It will be interesting to see
how widespread this mechanism is through the evolution
of epigenetic mechanisms underlying development of multi-
cellular organisms.
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